Photo-electrochemical etched Si layers were prepared on n-type (110) oriented silicon wafer. SEM results shows groove structure for etched Si (110). The photoluminescence (PL), Fourier transformed infrared (FTIR) absorption and Raman spectroscopy of etched Si (110) as a function of etching time was studied. All samples showed a PL peak in the visible spectral and the intensity of the PL peak increases with rising of the etching time. It is also found that the Raman peak of the etched Si samples is red shifted and its intensity significantly decreases as the etching time increases.
Introduction
Research into the growth and the optical properties of etched silicon (Si) has risen exponentially since the observation of visible light emission makes motivation to develop the application of etched Si in solar cells, biochemical sensors, biocompatible materials, light-emitting diode, moisture detector, semiconductor on insulator structure, interference filter and waveguides [1] . Recently it has been indicated that nanostructuring of Si by porousification of low-symmetry Si (110) surfaces or by formation of micrometer sized Si periodic structures is an appropriate technique for producing birefringent Si-based material [2] . The reduced symmetry of the dielectric function of etched Si layers originates from the selective pore dispersion in equivalent [100] crystallographic directions. This preferential pore alignment has an important implication for the optical properties of the layers [3] . Etched Si layers electrochemically formed on p-type Si (110) wafers reveal strong in-plane birefringence [1, 2, 3] . Birefringent etched Si layers demonstrate properties of a uniaxial negative crystal whose optical axis lies along the [001] in-plane crystallographic direction [4] .
Electrochemical wet etching of Si under controlled conditions creates the formation of nanocrystalline Si where quantum confinement of photoexcited carriers proceeds to an increased radiative transition rate and a band gap opening [5] . However, the disordered distribution of nanocrystal sizes and surface compositions restrict a real engineering of etched Si properties. It is well known that for producing a good device, several factors must be taken into account. To the author's knowledge, only few articles on the characterization of low-symmetry Si (110) surfaces have been published. In this research, we report the effects of etching time on silicon (110) in the view point of scanning electron microscope (SEM), photoluminescence (PL), Fourier transformed infrared (FTIR) and Raman spectroscopy.
Experimental details
Photo-electrochemical etched Si layers were prepared on n-type (110) oriented Si wafer with 0.002-0.005 Ω.cm resistivity. The etching process took place in a Teflon cell with aluminium base plate. The Si (110) samples were subsequently dipped into a mixed solution of HF:C 2 H 5 OH (1:4 in volume) under a 60 W lamp illumination at a constant current density of 26 mA/cm 2 . Ethanol is used as a surface active agent and also for removing the bubbles of hydrogen created during etching. After etching, the etched Si samples were rinsed in ethanol and dried in air. In this work, a set of photo-electrochemical etched Si samples with etching times of 5, 10, 15, 20 and 25 min were prepared.
The surface morphology and optical characteristics of etched Si samples were investigated with SEM, PL, FTIR and micro-Raman spectroscopy. (110) surfaces as compared to other Si orientations. The pore formation process follows the crystalline structure of the Si wafers [6] ; instead of formation of pore we observed the groove on the surface of Si (110).
Results and discussion
The schematic arrangement of (110) orientation of Si atoms is illustrated in Fig. 1 (f) [7] . The zigzag arrays of Si atoms along [110] and channels between the arrays are visible. Si (110) wafers have three equivalent <100> axes: [001] lies in the plane of the layer while another two [100] and [010] are tilted at 45 • to the (110) surface. The projection of these two axes to the surface plane of the layer coincides with the [110] crystallographic direction. These three axes are not in-plane equivalent and (110) etched Si layers become highly optically anisotropic [8] . Since groove formation usually follows the <100> axes of Si wafer [6, 9] and based on Fig. 1 (f the morphology of photo-electrochemical etched Si (110) shows grooves in (100) direction. Note that although high magnification measurements were performed, no significant pores can be observed and this may most probably due to the pores size is too fine (roughly < 10 nm). Fig. 2 shows the IR ATR spectra of photo-electrochemical etched Si formed at different etching time. The absorption dips at around 950 cm −1 , 2089 cm −1 and 2119 cm −1 are associated to Si-H x bond vibration modes. The 1150 cm −1 peak is due to the Si-O-Si stretching mode which indicates that the PS layer is already partially oxidized. The peak at 616 cm −1 presented the binding states of Si-Si vibration mode in bulk Si. The appearance of the Si-H x vibrational bands is consistent with the expected photo electrochemical etched Si properties [6] . Fig. 3 (a) shows the PL spectra of photo-electrochemical etched Si (110) samples prepared at different etching time. All samples showed a broad peak situated from 650 nm to 750 nm. The etched Si layers have PL effects, namely similar to the porous Si [1, 2, 10] . This PL effect is probably associated to the grating effects based on nanoscale crystalline structures [11] . Beside that it may be due to the formation of pore (nanosize) on the top of groves which formed during etching process [10] . As the etching time increases, the PL emission peak is red shifted while its intensity increases significantly. Generally, these effects can be contributed to the crystal size (quantum confinement) and also the formation of new chemical bonding on the etched Si surface.
The red shift effect may be related to a pinning of the band gap of the light emitting Si nanocrystals due to the defect states of surface and formation of Si-OH and Si-O-Si bonds [12] . The increases of the PL intensity as a function [13] . Besides that, the increases of the PL intensity are attributed to the larger surface area as compared to unetched Si samples. [14] . By increasing the etching time, the Raman peak c IEICE 2012 DOI: 10.1587/elex.9.752 position slightly shifted to toward lower frequency. On the other hand, its intensity is decreased. As etching time increases, the width of grooves become bigger resulting in the decrease of the intensity of Raman peak. Apart from that, the Raman spectra for 5 and 10 min etched Si show an extra peak at around 940 cm −1 . This additional peak is induced by transverse-optical (2TO) phonon overtones [15, 16] . The intensity of the 2TO phonon mode was lower than that of longitudinal-optical (LO) phonon in 5 and 10 min etched Si. This mode is due to the disorder present in photo-electrochemical etched Si around the grooves during their formation. During etching, the dissolution process results in a layer of disordered amorphous Si immediately around the groove [10] . As etching time increases, the disordered Si layer around the grooves dissolved and hence the 2TO mode intensity decreased with increasing etching time.
Conclusion
In summary, the photo-electrochemical etching of Si (110) produced groove structure in (100) direction. The etched Si samples revealed a PL peak in the visible spectral range. As the etching time increased, the PL peak and LO phonon Raman peak is red shifted. These effects can be attributed to the crystal size, defect state and also the formation of new chemical bonding on the etched Si surface. The PL red shift after increasing the etching time was related to decline of the band gap of Si in the etched Si films due to formation of more Si-H x , Si-OH and Si-O-Si bonds.
